In this study the process of laser-based micro welding was examined using the example of ultra-thin stainless steel foils with total welding depths of 50 μm and 100 μm. For this purpose, focal diameters between 20 μm and 200 μm were applied to the work piece using scanning units with various image scales as well as a single-mode and a multi-mode laser with different fiber core diameters. In order to generate full penetration welds, the process windows were determined applying a power level up to 500 W as well as feeding rates up to 6 m/s. A relational expression concerning related power was defined in order to characterize and predict the lower process boundary. By means of high speed recordings the dependencies of process boundaries with respect to melt pool behavior have been clarified. Furthermore a changeover of welding regime within the process window was revealed and described dependent on the focal diameter.
Introduction
When work piece dimensions are reduced to micro scale, typical scaling effects occur (Vollertsen et al., 2007) . For instance, the distortion comparatively increases nonlinearly with decreasing thickness of the work piece (Thomy et al., 2010) . Due to the short laser/material interaction time during micro welding and the large surface in comparison to the volume of the work piece, the melt cools down and solidifies very quickly. Additionally, in micro scales the adhesion force between melt and base material and the cohesion force in the liquid phase dominate the gravitation (Wautelet, 2001) .
When these scaling effects become significant during welding, then the process is different from common macro welding and can be defined as micro welding. In Vollertsen et al. (2007) , a dimension threshold of the work piece of < 200 μm is defined. This is according to the empirically found threshold between 100 μm and 200 μm of the author during laser welding of metal foils.
Nowadays a broad range of lasers are available in terms of beam quality and power output. The beam quality determines the resulting focal diameter. In micro welding the above-mentioned scaling effects extend the applicable aspect ratio which is defined by the ratio of focal diameter to welding depth resp. work piece thickness. Thus, also bigger focal diameters of multi-mode lasers can be used achieving aspect ratios of < 0.4 (Patschger, 2013) . The maximum power output of the applied laser entails the range of process velocity. In combination with fast scanning units process velocities in the range of several m/s are possible. It is known that at higher feeding rates melt pool instabilities such as grooving and/or humping occur.
Test design and test arrangement
In order to determine the laser micro welding process, ultra-thin ( 100 μm) stainless steel (AISI 304) foils served as specimens. Applications in micro welding are frequently jointed in a lap weld (Qin, 2010) . For this reason, the foils were welded in an overlapping joint. The feeding rate was raised at a given laser power until an incomplete penetration resulted. Thereby, a process window could be determined ( Fig. 1(a) ). This step was iterated by increasing the laser power incrementally. If only results of the lower process boundary nearby an incomplete penetration were used, this method of approach leads to the following definition: The welding depth s is in accordance with the foil thickness and then defined by it. Two different laser sources were used in this study in order to provide a broad range of focal diameters. The first laser source is a ROFIN multi-mode fiber laser which was coupled to a RAYLASE scanning unit. As a second laser source an SPI single-mode fiber laser combined with a SCANLAB scanning unit was chosen. Various objectives and collimation units were used. In combination with different beam properties of the laser sources, focal diameters between 25 μm and 204 have been obtained. A beam profile measurement with all optical settings was carried out, and focal diameters as well as beam quality factors were determined. The applied power on the work piece was measured. In order to avoid a focal shift due to thermal lensing, the processing time was limited. Welding paths with a length of approximately 50 mm were applied on the clamped foils. The free clamping length was 8 mm (see Fig. 1(b) ).
Process windows
The upper and lower process boundaries of two different welding depths (50 μm and 100 μm) were determined and displayed in the following figures. 
First of all, in Fig. 2 (b) can be seen that the lower process boundary of focal diameters of 25 μm and 31 μm and a welding depth of 50 μm proceeds discontinuously. At a power level above 300 W the maximum achievable feeding rate decreases due to a surplus supply of power. Splatter formation increases and the melt is driven out (see Fig.  3 (a)). In order to gain a better overview on the width of process, the difference of the feeding rate at upper and lower process boundary in dependence of the applied power is displayed in the next figures. The process windows between upper and lower process boundaries show a dependence on the focal diameter d f and welding depth s. Both determine the aspect ratio A R :
( 1 ) For combinations of focal diameters and welding depths with an aspect ratio of A R < 1 both process boundaries are close to each other while the process window of combinations with A R > 1 is very wide. The upper process boundary is shifted to a higher energy per unit length. High speed investigations revealed an opened keyhole at the rear of the work piece (see Fig. 3(b) ). Thus, laser energy is transmitted while welding. At A R < 1 an opening keyhole led to process abort and a cut regime.
Relational expressions of lower process boundary
While the upper process boundary is determined by the aspect ratio, the lower process boundary can be expressed relationally. For this purpose the dependence of feeding rate on related power is used (Dausinger, 1995) . ( 2 ) Wherein v and P represent the process parameters feeding rate and applied power. is known as thermal diffusivity and d f stands for the focal diameter while s is the welding depth. The former influence the intersection of the function with the ordinate a. The ratio of coupling rate A to heat demand H P defines the gradient b of the relational expression. n are coefficients which result from heat conduction conditions. Fig. 5(a) exhibits that due to the surplus supply of power at the combination of low welding depth and small focal diameters the graph forms discontinuously at a related power level of app. 160 W/μm*mm. In the present study this value forms the threshold for a predictable lower process boundary. In Fig. 5(b) a detail of the results with a related power of < 160 W/μm*mm is shown. It is obvious that the graphs of the different focal diameters and welding depths have a similar slope. A regression analysis regarding the different focal diameters will be subject to future work. The dependence of related threshold power on focal diameter shall be investigated.
Changeover of the welding regime
Observing the welds at lower process boundaries with high speed imaging reveals a changeover in the welding process. The welding process at a lower power level is characterized by a conduction welding regime. When raising the applied power, a transition mode can be recognized. At higher power levels a changeover to a deep welding regime occurs. In transition mode the vapour pressure is too low to overcome the surface tension and form a stable keyhole. (Assuncao, 2012) The keyhole opens and collapses alternately. This can be detected on the seam root. 6 illustrates the different welding regimes with increasing power level using the example of a focal diameter of 65 μm. At a low power level of 36 W a stable conduction welding regime with a continuous seam root occurs (Fig. 6(a) ). Increasing the power up to 47 W leads to sporadic and localized widening of the seam (Fig. 6(b) ). These punctual effects are due to a temporarily forming keyhole. Increasing the power further enlarges the regions where deep welding occurs (Fig. 6(c) ) until a permanently stable keyhole forms ( Fig. 6(d) ).
The threshold of regime changeover varies depending on the focal diameter. When the focal diameter is increased, the threshold is raised (Fig. 7(a) ).
The analytical solution to calculate the regime threshold for a Gaussian power density distribution introduced in Beck (1996) is applied. Fig. 7(b) depicts the calculated thresholds and the results tagged to the observed welding regime. It is obvious that some results obtained from conduction and transient mode are above the calculated thresholds. This contradiction is due to applied full penetration welds and therefore a two-dimensional heat conduction. For this reason the calculated thresholds have to be adapted to present findings. This will be subject to future work.
By means of a tracer foil the melt flow can be visualized. Fig. 8 shows SEM pictures of longitudinal microsections. In this imaging procedure, the angle selective backscattered electrons detector (AS-BSE) is employed in order to obtain material contrast patterns. In Fig. 7 (a) the melt flow of a deep welding process is displayed. Turbulences can be found around the bottom of the weld seam. Furthermore, there are diverging horizontal streamlines which are caused by melt flow around the keyhole. However, in Fig. 7(b) the degree of mixing of tracer and stainless steel foil is lower due to the Marangoni convection, which is the only melt flow mechanism in conduction welding. 
Melt flow characteristics
Increasing the feeding rate at a given power level during deep welding will change melt pool dimensions and keyhole shape. This directly influences the weld seam shape and properties. Grooves and root concavity lower the joint cross-section and hence the tensile strength. At low feeding rates, the weld formation is thermally determined and a circular keyhole within a comparatively large and more or less elliptical melt pool can be observed ( Fig.  9(a) ).With a growing feeding rate, the keyhole is elongated by the impact of the vapour on the rear wall. Additionally, a melt wave appears behind the keyhole which derives from vapour momentum (Fig. 9(b) ). The keyhole front is tilted and the tilt angle grows with the feeding rate ( Fig. 9(c) ). Thereby, only the keyhole front is heated by the laser, which can be observed by its luminosity. (Berger, 2011) These effects denote a prehumping regime. (Fabbro, 2010) It is furthermore characterized by a stronger melt flow which includes a central stream. The latter emerges from the bottom of the keyhole front and converges at the top of the seam, forming weld reinforcements with a slightly wavy structure in the middle and small grooves at the sides of the weld seam. (Beyer, 1995) When reaching the humping regime ( Fig. 9(d) ), the central melt flow emerging from the bottom does not reach the surface level and leads to a localized underfill behind the keyhole front. At this point, the keyhole is no longer a hole in the sense of a beam trap. The appearance of underfill denotes that the velocity of the melt stream exceeds the feeding rate by far. (Berger, 2011) Behind the localized underfill, the melt flow emerges and forms reinforcements in the middle of the seam, accompanied by deep grooves at the sides. On top of the weld reinforcements aperiodic humps can be found. At higher feeding rates, the melt gets more turbulent and splatter formation is increased until process rupture occurs with weld imperfections in the form of holes (Fig 3(a) ).
As the feeding rate is increased, the melt film beside and in front of the keyhole is reduced. Due to this restriction of the free cross-section of the melt flow, the melt velocity is about an order of magnitude higher than the welding speed. (Berger, 2011) Due to the high flow rate, the melt is transported with a high momentum to the end of the comparatively very long melt pool and is decelerated there. It piles up and forms humps (Fig.10) . In order to clarify the influence of the feeding rate on the humping regime, tests were performed at constant power levels while increasing the feeding rate. For this purpose, only parameters within the process boundaries were used. Thus, focal diameters of 25 μm to 78 μm were chosen only. While welding with focal diameters of 144 μm to 204 μm, only grooving but no pre-humping or humping was observed within the power range to 500 W. The obtained weld seams were classified in terms of appearance of wavy structures (pre-humping) and/or humps. Different power levels have a limited influence on weld seam formation (Fig. 11 ). At a smaller power level the humping thresholds are slightly higher. A power level of 250 W in combination with focal diameters of 65 μm and 78 μm partly leads to insufficient penetration welds. Hence, findings resulting from these focal diameters were not included in order to ensure the comparability of the results.
Comparing only the results obtained with a power of 400 W shows a higher regime threshold level as the focal diameter increases. This indicates an effect of the focal diameter on humping threshold as well. In contrast to Fabbro (2010), however, the threshold rises instead of sinking. Reducing the foil thickness results in slightly higher thresholds and smaller pre-humping regions (Fig. 11(b) ).
Additionally, grooves ( Fig. 10 (b) ) were observed. They usually occur when pre-humping starts. In most cases, a hollow root appears in a humping regime unless a focal diameter of 78 μm is used at a power level of 400 W. Here, root reinforcement was detected.
Conclusion
The present paper shows that the aspect ratio determines the upper process boundary and thereby the width of the process window. The lower process boundary can be defined by a relational expression. With a growing power level, a changeover from conduction to deep welding in dependence on focal the diameter was observed. The analytical solution for the purpose of calculating the threshold turns out to be not suitable to present the twodimensional heat conduction condition in micro welding. The pre-humping and humping threshold was investigated at two constant power levels for the four smallest focal diameters. The power level has a slight influence on the thresholds. As the power decreases, the critical velocity is shifted to higher feeding rates. The biggest applied focal diameter of 78 μm also raises the critical velocity. Decreasing the foil thickness leads to a smaller range of the pre-humping regime and to a more direct transition to the humping regime.
